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Abstract
The collective excitation of nuclear matter is analyzed in a bosonized Landau Fermi
liquid model. When the nonlinear self-interacting terms of scalar mesons are included
in Walecka model, the collective excitation energy of nuclear matter can be obtained
self-consistently, and the calculation results are consistent with the corresponding exper-
imental data of the nucleus 208Pb when the quantum number of the orientation of the
total spin m is zero. The cases with the nonzero m values are also studied, and it is
found that the collective excitation energy of nuclear matter decreases with the absolute
value of m increasing when the total spin is conserved. Moreover, four kinds of collective
excitation modes of nuclear matter are discussed when the isospin and spin of nucleons
are taken into account. The direct interaction between two nucleons near Fermi surface
only changes the effective nucleon mass and Fermi velocity, while the exchange interaction
plays an critical role in the collective excitation of nuclear matter.
1 Introduction
The collective excitation of nuclei had been studied in the macroscopic and microscopic model[1].
Until now, it is still an important topic in nuclear physics. The central energy and strength
distribution can be calculated in the framework of random phase approximation, and then the
results are compared with experimental data[2, 3, 4, 5].
Landau Fermi liquid model has made a great success in condensed matter physics, and some
attempts have been tried to solve relevant problems in nuclear physics with this model. By
using Landau Fermi liquid model, the compression modulus of nuclear matter is calculated[6].
Moreover, this model is extended to study the collective excitation of nuclei[7, 8, 9, 10, 11, 12].
In recent years, it becomes an hot point again to study the nuclear structure in the framework
of Landau Fermi liquid model[13, 14, 15, 16, 17, 18, 19].
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Actually, Landau Fermi liquid model can be regarded as a method to deal with quasi-
particle systems, which implies that the particles discussed in this model are not real particles.
In Landau Fermi liquid model, the ground state of Fermi system is treated as a vacuum. When
a fermion is excited and jumps above Fermi surface, a hole is left in Fermi sea, which is called
particle-hole excitation. In the particle-hole excitation, these excited particles are named as
quasi-particles. If a great number of quasi-particles appear above Fermi surface, the whole
Fermi system lies in a collective excitation state, and the collective excitation energy of Fermi
system can be calculated in Landau Fermi liquid model. Ever since it is established, this model
is successfully used to study the collective excitation of electrons in metals in condensed matter
physics.
Boltzmann equation of Fermi liquid in the two-dimensional space has been discussed in
Ref. [20]. If the external force is neglected, and supposing the quasi-particle lifetime is long
enough, the bosonized equation of motion of Fermi liquid can be obtained by integrating the
quasi-particle momentum. Therefore, the collective excitation of Fermi liquid becomes a wave
motion of quasi-particles in the momentum space.
The bosonized Landau Fermi liquid model is extended to study the collective excitation of
nuclear matter, where the isospin and spin of nucleons are taken into account[21, 22]. However,
Fermi liquid function, which is related to the interaction between nucleons near Fermi surface,
was constructed in the original Walecka model, where the nonlinear self-interacting terms of
scalar mesons are not included in the Lagrangian density, so the effective nucleon mass has to
be regarded as a parameter in order to obtain the reasonable collective excitation energies, and
the whole calculation is not self-consistent.
In this work, the calculation is performed in Walecka model, where the nonlinear self-
interaction terms of scalar mesons are considered, and the correct energy levels of the collective
excitation of nuclear matter are obtained self-consistently by using parameters in the relativistic
mean-field approximation. Moreover, four kinds of collective excitation modes of nuclear matter
are analyzed when the isospin and spin of nucleons are taken into account. In addition, the
nuclear collective excitation related to the orientation of the total spin of the nucleus is also
discussed.
This manuscript is organized as follows: The theoretical framework of bosonized Landau
Fermi liquid model is evaluated in detail in Sect. 2, and the collective excitation of nuclear
matter is discussed in Sect. 3. Finally, the conclusion is summarized in Sect. 4. Fermi liquid
function indicates the interaction of the quasi-nucleon near Fermi surface, which is evaluated
in Appendix part.
2
2 Equation of motion of the collective excitation of nu-
clear matter
If n0,~kα represents the nucleon number in the ground state of nuclear matter, where
~k denotes
the nucleon momentum and α stands for the isospin and spin of the nucleon, and n~kα(~x, t)
represents the corresponding nucleon number in the excited state, the quasi-nucleon number
with ~k and α is defined as
δn~kα(~x, t) = n~kα(~x, t)− n0,~kα, (1)
which is a function of the position ~x and time t.
The quasi-nucleon energy in nuclear matter can be written as
ε˜~kα(~x, t) = ξ
∗
~kα
+
1
V
∑
~k′,β
f(~k, α;~k′, β)δn~k′,β(~x, t), (2)
where ξ∗~kα is the energy of the quasi-nucleon with
~k and α, and Fermi liquid function f(~k, α;~k′, β)
stands for the interaction between two quasi-nucleons with ~k(~k′) and α(β) respectively.
In the spherical coordinate space, Eq. (2) takes the form of
ε˜~kα(~x, t) = ξ
∗
~kα
+
1
(2π)3
∑
β
∫
k′
2
dk′
∫
sin θ′dθ′
∫
dφ′f(k, θ, φ, α; k′, θ′, φ′, β)δn~k′,β(~x, t). (3)
Therefore,
∂
∂~x
ε˜~kα(~x, t) =
1
(2π)3
∑
β
∫
k′
2
dk′
∫
sin θ′dθ′
∫
dφ′f(k, θ, φ, α; k′, θ′, φ′, β)
∂
∂~x
δn~k′,β(~x, t). (4)
At Fermi surface,
∂ε˜~kα
∂~k
= v∗F
~ˆk,
∂n~kα
∂~k
=
∂n0~kα
∂~k
+
∂δn~kα
∂~k
≈ ∂n0~kα
∂~k
= −~ˆkδ(|~k| − kF ), (5)
with v∗F Fermi velocity, and
~ˆk = ~k/|k| the unit vector on the direction of ~k.
According to Hamilton principle, we obtain
∂~x
∂t
=
∂
∂~k
ε˜~kα(~x, t), (6)
and
∂~k
∂t
= − ∂
∂~x
ε˜~kα(~x, t). (7)
3
Thus Boltzmann equation of nucleons can be written as
dn
dt
=
∂n
∂t
+
∂n
∂~x
· ∂~x
∂t
+
∂n
∂~k
· ∂
~k
∂t
=
∂n
∂t
+
∂n
∂~x
· ∂
∂~k
ε˜~kα(~x, t)−
∂n
∂~k
· ∂
∂~x
ε˜~kα(~x, t)
= I[n], (8)
with I[n] the collision term.
If the external force is taken into account, Boltzmann equation in Eq. (8) becomes
∂n
∂t
+
∂n
∂~x
· ∂
∂~k
ε˜~kα(~x, t) +
∂n
∂~k
·
(
~F − ∂
∂~x
ε˜~kα(~x, t)
)
= I[n]. (9)
In the relaxation time approximation, the collision term is inverse to the relaxation time.
The magnitude of the relaxation time has the same order as the average time between two
continuous collisions of a nucleon, which is proportional to the nucleon mean free path in the
nucleus. Moreover, due to Pauli principle, the nucleon mean free path is large at the saturation
density. For the nucleon near Fermi surface, the nucleon kinetic energy is about 40MeV, and
the nucleon mean free path is about 10fm[23]. Comparing to Fermi momentum of 1.36fm−1,
the relaxation time is long enough in the nucleus. Therefore, the collision term in Eq. (9) is
eliminated in the relaxation time approximation.
According to Eq. (1), n~kα(~x, t) = n0,~kα + δn~kα(~x, t), we obtain
∂n~kα
∂t
= ∂
∂t
δn~kα and
∂n~kα
∂~x
=
∂
∂~x
δn~kα, thus Eq. (9) becomes
∂δn~kα
∂t
+
∂δn~kα
∂~x
· ∂
∂~k
ε˜~kα(~x, t) +
∂n~kα
∂~k
·
(
~F − ∂
∂~x
ε˜~kα(~x, t)
)
= 0. (10)
In Boltzmann equation, the gravity and the electromagnetic force are often treated as ex-
ternal forces. However, they can be neglected in nuclei because they are weaker than the strong
interaction between nucleons. Thus the external force is treated as zero in Eq. (10).
Supposing ~F = 0, Eq. (10) takes the form of
∂
∂t
δn~kα(~x, t) +
∂δn~kα(~x, t)
∂~x
· v∗F ~ˆk (11)
+ ~ˆkδ(|~k| − kF ) ·
(
1
(2π)3
∑
β
∫
k′
2
dk′
∫
sin θ′dθ′
∫
dφ′f(k, θ, φ, α; k′, θ′, φ′, β)
∂
∂~x
δn~k′,β(~x, t)
)
= 0.
In the momentum space, 1
i
∂
∂~x
→ ~q, we obtain
i
∂
∂t
δn~kα(~q, t) =
(
~ˆk · ~q
) (
v∗F δn~kα(~q, t) (12)
+ δ(|~k| − kF ) 1
(2π)3
∑
β
∫
k′
2
dk′
∫
sin θ′dθ′
∫
dφ′f(k, θ, φ, α; k′, θ′, φ′, β)δn~k′,β(~q, t)
)
.
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Since the quasi-nucleon number δn~kα(~x, t) will be a over complete set of variables when the
collective excitation of nuclear matter is studied, it turns out that Fermi surface displacement
from Fermi ball with the radius of Fermi momentum kF is proper to describe the collective
fluctuation of Fermi liquid. In this work, the Fermi surface displacement from Fermi ball in the
momentum space is closely related to the nuclear quasi-nucleon density mentioned below.
The nuclear quasi-nucleon density is defined as
ρ˜α(θ, φ) =
∫
k2dk
(2π)3
δn~kα, (13)
with
δn~kα =


1,
0,
−1.
(14)
In Eq. (13), the label α indicates the isospin and spin of quasi-nucleons, i.e., α = 1, 2, 3, 4.
The quasi-nucleon number with ~k and α can be written as the formula in Eq. (1), and the
ground state nucleon number n0,~kα equals unity for nucleon momenta below Fermi momentum
and vanishes for momenta above Fermi momentum. When a nucleon-hole pair is excited, a
nucleon appears above Fermi surface, which corresponds to the case of n~kα = 1, n0,~kα = 0 and
δn~kα = 1. Meanwhile, a hole is left below Fermi surface, which corresponds to the case of
n~kα = 0, n0,~kα = 1 and δn~kα = −1. Therefore, the quasi-nucleon number δn~kα takes values of
1, 0 and -1, respectively. Moreover, it should be pointed out that the value of δn~kα will not
exert an influence on the Hamiltonian obtained finally, and corresponding eigenenergies remain
unchanged.
The reduced Boltzmann equation is obtained by performing the integration
∫
k2dk
(2π)3
on both
sides of Eq. (12),
i
∂
∂t
ρ˜α(θ, φ; ~q, t) =
(
~ˆk · ~q
)
(v∗F ρ˜α(θ, φ; ~q, t) (15)
+
k2F
(2π)6
∑
β
∫
k′
2
dk′
∫
sin θ′dθ′
∫
dφ′f(kF , θ, φ, α; k
′, θ′, φ′, β)δn~k′,β(~q, t)
)
.
If the nucleon near Fermi surface on the collective excitation of nuclear matter is taken into
account, the nucleon momentum k′ in Fermi liquid function f(kF , θ, φ, α; k
′, θ′, φ′, β) takes the
value of Fermi momentum kF . Thus Eq. (15) becomes
i
∂
∂t
ρ˜α(θ, φ; ~q, t) =
(
~ˆk · ~q
)
(v∗F ρ˜α(θ, φ; ~q, t) (16)
+
k2F
(2π)3
∑
β
∫
sin θ′dθ′
∫
dφ′f(kF , θ, φ, α; kF , θ
′, φ′, β)ρ˜β(θ
′, φ′; ~q, t)
)
.
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Supposing (θq, φq) denotes the direction of ~q in the spherical coordinate of the momentum
space, we can obtain
~ˆk · ~q = q [sin θ sin θq cos(φ− φq)] + cos θ cos θq, (17)
so Eq. (16) can be written as
i
∂
∂t
ρ˜α(θ, φ, ~q, t) = q
∑
β
∫
dΩ′
∫
dΩ′′K(θ, φ; θ′, φ′)M(θ′, φ′, α; θ′′, φ′′, β)ρ˜β(θ
′′, φ′′, ~q, t), (18)
with
K(θ, φ; θ′, φ′) = [sin θ sin θq cos(φ− φq) + cos θ cos θq] 1
sin θ′
δ(θ − θ′)δ(φ− φ′), (19)
and
M(θ, φ, α; θ′, φ′, β) = v∗F
1
sin θ′
δαβδ(θ − θ′)δ(φ− φ′) + k
2
F
(2π)3
f(kF , θ, φ, α; kF , θ
′, φ′, β). (20)
Actually, Fermi liquid function denotes the interaction between two quasi-nucleons near
Fermi surface, and in this work, it is evaluated from the Lagrangian density of Walecka model.
The detailed process can be found in the appendix part of this manuscript. According to
Eq. (61), Fermi liquid function can be written as
f(~k1, α;~k2, β) = Veff(0)− Veff(~k1 − ~k2) δαβ
=
(−g2σ
m2σ
+
g2ω
m2ω
)
−
(
−g2σ
(~k1 − ~k2)2 +m2σ
+
g2ω
(~k1 − ~k2)2 +m2ω
)
δαβ , (21)
where
~k1 = (kF , θ, φ), ~k2 = (kF , θ
′, φ′), (22)
and
(~k1 − ~k2)2 = 2k2F {1 − [cos θ cos θ′ + sin θ sin θ′ cos (φ− φ′)]}
= 2k2F
(
1 − ~ˆk1 · ~ˆk2
)
. (23)
In Fermi liquid function in Eq. (21), the direct interaction between nucleons gives a contribu-
tion to the ground energy of nuclear matter, and is not relevant to the excitation of nucleon-hole
pairs directly. In the relativistic mean-field approximation, Fermi energy of nucleons takes the
form of
ε∗F ≃MN +
k2F
2M∗N
+ (− g
2
σ
m2σ
+
g2ω
m2ω
)
∑
γ
k3F
6π2
, (24)
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where the summation runs over the isospin and spin of nucleon in nuclear matter. Correspond-
ingly, the nucleon Fermi velocity v∗F can be written as
v∗F =
∂ε∗F
∂kF
=
kF
M∗N
+ (− g
2
σ
m2σ
+
g2ω
m2ω
)
k2F
2π2
, (25)
where the second term comes from the direct interaction term of Fermi liquid function in
Eq. (21). Therefore, only the exchanging interaction between nucleons is essential to excite
nucleon-hole pairs in nuclear matter. Especially, if the isospin and spin of two interacting
nucleons near Fermi surface are the same as each other, the exchange interaction(the second
term in Fermi liquid function) will play a role in the collective excitation of nuclear matter.
For the ground state of nuclear matter, Fermi momentum kF is a constant, and the nucleon
distribution in momentum space forms a Fermi ball with the radius of kF . The quasi-nucleon
density represents the surface displacement from Fermi ball at the direction of (θ, φ), so it can
be expanded in spherical harmonics, i.e.,
ρ˜α(θ, φ, ~q, t) =
∑
l,m
ρ˜α(l, m, ~q, t)Y
∗
l,m(θ, φ). (26)
Similarly, K(θ, φ; θ′, φ′) and M(θ′, φ′, α; θ′′, φ′′, β) can be expanded as
K(θ, φ; θ′, φ′) =
∑
l,m,l′,m′
K(l, m; l′, m′)Y ∗l,m(θ, φ) Yl′,m′(θ
′, φ′), (27)
and
M(θ′, φ′, α; θ′′, φ′′, β) =
∑
l1,m1,l2,m2
M(l1, m1, α; l2, m2, β)Y
∗
l1,m1(θ
′, φ′) Yl2,m2(θ
′′, φ′′), (28)
respectively. Therefore, the equation of motion of Fermi liquid takes the form of
i
∂
∂t
ρ˜α(l, m, ~q, t) = q
∑
β
∑
l′,m′
∑
l′′,m′′
K(l, m; l′, m′)M(l′, m′, α; l′′, m′′, β)ρ˜β(l
′′, m′′, ~q, t). (29)
Since the collective excitation of nuclear matter is independent on the direction of ~q, we can
choose θq = 0 and φq = 0, and the function K(θ, φ; θ
′, φ′) can be written as
K(θ, φ; θ′, φ′) =
cos θ
sin θ′
δ(θ − θ′)δ(φ− φ′). (30)
In the spherical harmonics of the momentum space,
K(l, m; l′, m′) =
∫
cos θ
sin θ′
δ(θ − θ′)δ(φ− φ′)Yl,m(θ, φ) Y ∗l′,m′(θ′, φ′) sin θ′dθ′dφ′ sin θdθdφ
= (almδl+1,l′ + al−1,mδl−1,l′) δm,m′ , (31)
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with
al,m =
√
(l + 1)2 −m2
(2l + 1)(2l + 3)
. (32)
In order to obtain Eq. (31), the equation cos θYl,m(θ, φ) = al,mYl+1,m(θ, φ) + al−1,mYl−1,m(θ, φ)
is used. Moreover,
M(l1, m1, α; l2, m2, β) =
∫
[v∗F
1
sin θ′
δαβδ(θ − θ′)δ(φ− φ′) + k
2
F
(2π)3
f(kF , θ, φ, α; kF , θ
′, φ′, β)]
Yl1,m1(θ, φ) Y
∗
l2,m2
(θ′, φ′)dΩdΩ′
= v∗F δαβδl1,l2δm1,m2 −
k2F
(2π)3
fF (l1, m1; l2, m2)δα,β,
(33)
where Fermi liquid function fF (l1, m1; l2, m2) is only related to the exchange interaction between
nucleons.
fF (l1, m1; l2, m2) =
∫
Veff(~k1 − ~k2)Yl1,m1(θ, φ) Y ∗l2,m2(θ′, φ′) sin θdθdφ sin θ′dθ′dφ′
=
∫ ( −g2σ
(~k1 − ~k2)2 +m2σ
+
g2ω
(~k1 − ~k2)2 +m2ω
)
Yl1,m1(θ, φ) Y
∗
l2,m2(θ
′, φ′)
sin θdθdφ sin θ′dθ′dφ′
= fF (l1, l2)δl1,l2δm1,m2. (34)
Apparently, the exchange interaction between two nucleons plays an important role on the
collective excitation of nuclear matter when l1 = l2 and m1 = m2.
According to Eqs. (31), (33) and (34), the equation of motion of nuclear matter in Landau
Fermi liquid model can be written as
i
∂
∂t
ρ˜α(l, m, ~q, t) = q
∑
l′
(almδl+1,l′ + al−1,mδl−1,l′)
(
v∗F −
k2F
(2π)3
fF (l
′, l′)
)
ρ˜α(l
′, m, ~q, t),
(35)
which can be rewritten in the matrix form of
i
∂
∂t
ρ˜α(l, m, ~q, t) = qK˜M˜ ρ˜α(l, m, ~q, t),
(36)
with
K˜l,l′ = (almδl+1,l′ + al−1,mδl−1,l′) , (37)
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and
M˜l′,l =
(
v∗F −
k2F
(2π)3
fF (l
′, l′)
)
δl′,lδm′,m. (38)
Fermi liquid is unstable if one of the fF (l
′, l′) is larger than (2π)3
v∗
F
k2
F
, Supposing M˜ = WW T
and uα =W
T ρ˜α, Eq. (36) becomes
i
∂
∂t
uα(l, m, ~q, t) = qW
T K˜Wuα(l, m, ~q, t) = Huα(l, m, ~q, t),
(39)
with
Hl,l′(m) = q(W
T K˜W )l,l′ (40)
= q (almδl+1,l′ + al−1,mδl−1,l′)
(
v∗F −
k2F
(2π)3
fF (l, l)
)1/2(
v∗F −
k2F
(2π)3
fF (l
′, l′)
)1/2
.
It is apparent that the Hamiltonian in Eq. (40) is hermitian, i.e., H = H†.
O
E
(b)(a)
O
E
Figure 1: Energy levels of Fermi liquid. (a) represents the case of fF (l, l) = 0, where only
continuous energy levels of nucleon-hole pairs are excited, and (b) stands for the case of fF (l, l) >
0, where two discrete energy levels of the collective excitation of nuclear matter appear except
for continuous energy levels.
In Ref. [20], Fermi liquid function is expanded in the complex Fourier series in the 2-
dimensional momentum space. When the collective excitation of nuclear matter is studied, it
is reasonable to expand the quasi-nucleon density in spherical harmonics in the 3-dimensional
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momentum space. Meanwhile, if the direct interaction of nucleons is eliminated and only the
exchange interaction of nucleons is taken into account, Fermi liquid function can be expanded
in spherical harmonics. According to Eq. (34), the exchange potential between two nucleons
near Fermi surface is written as
Veff(~k1 − ~k2) =
+∞∑
l1=0
l1∑
m1=−l1
+∞∑
l2=0
l2∑
m2=−l2
fF (l1, l2)δl1,l2δm1,m2Y
∗
l1,m1
(θ, φ) Yl2,m2(θ
′, φ′)
=
+∞∑
l1=0
l1∑
m1=−l1
fF (l1, l2)Y
∗
l1,m1(θ, φ) Yl1,m1(θ
′, φ′)
=
+∞∑
l1=0
fF (l1, l1)Pl1(cos ξ)
2l1 + 1
4π
, (41)
with ξ the angle between two momenta ~k1 and ~k2. In order to obtain Eq. (41), the equation
Pl(cos ξ) =
4π
2l + 1
l∑
m=−l
Y ∗l,m(θ, φ) Yl,m(θ
′, φ′)
is used. At this point, it is consistent with Eq. (11) in Ref. [19], where the interaction between
two nucleons is expanded in Legendre polynomials.
If the ground state of a nucleus has spin and parity Jp = 0+, hence the excited nucleon-hole
state after the electric dipole transition must have the quantum number Jp = 1−. For most of
doubly even nuclei, their first excited states always have quantum numbers Jp = 2+, however,
doubly magic nuclei, such as 16O, 40Ca and 208Pb, have a lower lying Jp = 3− state[24]. The
quasi-nucleon density and Fermi liquid function can be expanded in spherical harmonics in
the momentum space, and the quantum number l = 0, 1, 2, .... Actually, l is not the quantum
number of the orbital angular momentum, but corresponds to the spin of nuclei.
Assuming Fermi liquid function is zero, i.e., fF (l, l) = 0, continuous energy levels of the
Hamiltonian in Eq. (40) are produced, which correspond to nucleon-hole excitations in nuclear
matter. However, if the value of Fermi liquid function is large enough, and fF (l, l) > 0, it is
possible to produce two discrete energy levels other than the continuous ones. The positive
discrete energy level represents the creation of the collective excitation mode, while the negative
one stands for the annihilation of the collective excitation mode of nuclear matter, as depicted
in Fig. 1.
In this work, when the collective excitation with determined l is studied, Fermi liquid
functions of other l values is chosen to be zero, only fF (l, l) with determined l is conserved
in the Hamiltonian. It is found that the discrete excitation energy decreases with the l value
increasing. When l is large enough, the discrete excitation energy level becomes identical and
indistinguishable to the continuous levels, thus only the lower l excitation modes are taken into
account in the calculation.
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3 The collective excitation of nuclear matter
In the relativistic mean-field approximation, the parameters are fitted according to the satu-
ration properties of nuclear matter. However, if the nonlinear self-interacting terms of scalar
mesons are included in the Lagrangian, the compression modulus of nuclear matter will be in
a reasonable range, and the equation of state of nuclear matter will not be too stiff. In this
work, the parameter set NL3 is adopted in the calculation, i.e., gσ = 10.217, gω = 12.868, g2 =
−10.431fm−1, g3 = −28.885, mσ = 508.194MeV, mω = 782.501MeV and MN = 939MeV[25].
According to Eq. (25), Fermi velocity is related to the nucleon effective mass M∗N , which
takes form of M∗N = MN + gσσ0 in the relativistic mean-field approximation, where σ0 is the
expectation of the scalar meson field in nuclear matter. Apparently, the self-consistency must be
conserved when the calculation is performed. Since the nucleon near Fermi surface is easier to
be excited than the others, we assume q ≡ kF in Eq. (40), and Fermi momentum kF =1.36fm−1
for the saturation nuclear matter.
In nuclei, there are a finite number of nucleons, which fill single-nucleon energy levels up
to Fermi momentum kF . In the momentum space, there is a Fermi ball with the radius of kF ,
and the collective excitation of nuclei corresponds to the displacement of Fermi surface from
the ball in the momentum space. In principle, the giant resonances of finite nuclei can also be
analyzed in Fermi liquid model.
3.1 The case of m = 0
As mentioned above, l represents the spin of the nucleus, thus m stands for the spin orientation
of the nucleus. Both l and m are good quantum numbers. In Ref. [19], the interaction between
nucleons is expanded in Legendre polynomials, and Legendre polynomial Pl corresponds to
spherical harmonic Yl,0. Therefore, the case of m = 0 is compared to the experimental data.
In this subsection, the quantum number m in the coefficient al,m in Eq. (32) is assumed to be
zero, and then the collective excitation mode with m = 0 is studied firstly.
The collective excitation energy of nuclear matter El with different l values as functions of
Fermi momentum kF are shown in Fig. 2, where the dotted line represents the case of l = 0, the
dashed line denotes the case of l = 1, and the solid line stands for the case of l = 2. It indicates
that the collective excitation energy of nuclear matter El increases with Fermi momentum kF .
The experimental central energies of isoscalar and isovector giant monopole resonance(l=0),
giant dipole resonance(l=1) and giant quadrupole resonance(l=2) for different nuclei are sum-
marized in Table 1[26, 27, 28]. It can be found that the energy of isovector giant resonances
EV is about twice of that of isoscalar giant resonances ES respectively except for the l = 1
case, which will be discussed detailedly in follows. Moreover, the collective excitation energy
of heavy nuclei is less than the corresponding value of light nuclei.
The collective excitation energies of nuclear matter at the saturation density for l = 0, 1, 2
are also listed in Table 1. When the self-interacting terms of scalar mesons are taken into
account, by solving the equation of motion of Fermi liquid in Eq. (39), the reasonable collective
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excitation energies of the saturation nuclear matter can be obtained, which are closer to the
corresponding collective excitation energies of the nucleus 208Pb than light nuclei.
If the self-interacting terms of scalar mesons are not included in the calculation of the rela-
tivistic mean-field approximation, the compression modulus of nuclear matter at the saturation
density is about 500MeV, which is too large and nuclear matter becomes stiff. When the equa-
tion of motion in Eq. (39) is solved, the collective excitation energies are far lager than the
corresponding experimental values, just as done in Ref. [21, 22].
l 0 1 2
Theory El 15.20 13.88 10.58
208Pb ES 14.17± 0.28 22.5 10.9± 0.1
EV 26.0± 3.0 13.5± 0.2 22
144Sm ES 15.39± 0.28 − −
116Sn ES 16.07± 0.12 − −
90Zr ES 17.89± 0.20 − 14.41± 0.1
EV 28.5± 2.6 16.5± 0.2 −
40Ca ES − − 17.8± 0.3
EV 31.1± 2.2 19.8± 0.5 32.5± 1.5
Table 1: The collective excitation energies of the saturation nuclear matter El for l = 0, 1, 2 and
the corresponding experimental central energies of the isoscalar and isovector giant resonances
of nuclei with different l, which are labeled as ES and EV , respectively. All energies are in units
of MeV.
Since the exchange term in Fermi liquid function is nonzero when the isospin and spin of
two nucleons are the same as each other, nucleons with spin up and spin down can oscillate
either in phase ( S=0 spin scalar mode) or out of phase ( S=1 spin vector mode), Moreover ,
protons and neutrons can oscillate either in phase (T=0 isoscalar mode) or oppositely (T=1
isovector modes). Altogether, there are four kinds of collective excitation modes in nuclear
matter[29].
The label α in Eq. (39) represents the isospin and spin of nucleons, so the El values listed
in Table 1 correspond to the isoscalar and spin scalar modes of nuclei(T=0, S=0), respectively.
In symmetric nuclear matter, where the number density of protons equals to that of neu-
trons, the collective excitation energy of the isovector and spin scalar modes(T=1, S=0) is the
sum of the excitation energies of protons and neutrons, thus it is about twice of the energy of
the isoscalar and spin scalar mode(T=0, S=0). In Table 1, the experimental central energies of
the isovector giant resonance of 208Pb and 90Zr with l = 0, and 40Ca with l = 2 are twice of the
corresponding central energies of the isoscalar giant resonance, respectively. Thus it manifests
the relation between the isovector and spin scalar mode and the isoscalar and spin scalar mode
is correct except for the l = 1 case, which will be discussed in follows.
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Figure 2: Collective excitation energies of nuclear matter for different l values .vs. Fermi
momentum. The dotted line represents the case of l = 0, the dashed line denotes the case of
l = 1, and the solid line stands for the case of l = 2.
Similarly, the above analysis can be used to the isoscalar and spin vector modes(T=0, S=1),
whose energy is also about twice of the energy of the isoscalar and spin scalar mode(T=0, S=0).
Especially, it should be emphasized that the collective excitation energy of the isovector and
spin vector mode (T=1,S=1) might be about four times of the energy of of the isoscalar and
spin scalar mode(T=0, S=0), which need to be examined by experiments in future.
The relation mentioned above is not available for the giant dipole resonance. The dipole
deformation of the nucleus is really a shift of the center of mass. In the γ−induced reaction, the
isovector giant dipole resonance of the nucleus actually corresponds to the collective excitation
of protons, and neutrons move on the opposite direction in the center of mass system of the
nucleus. The isoscalar giant dipole resonance in 208Pb with a central energy at E = 22.5MeV ,
using the (α, α′) cross sections at forward angles[21], might correspond to the spin vector mode
with l = 1, where nucleons with spin up and spin down oscillate out of phase. Therefore, the
central energy is about twice of that of the dipole deformation mode.
3.2 The case of m 6= 0
The Hamiltonian in Eq. (40) is not only relevant to quantum number l, but to quantum number
m. In this subsection, the case of m 6= 0 will be discussed.
The collective excitation energies of the saturation nuclear matter with Fermi momentum
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El,m (MeV ) m = −3 m = −2 m = −1 m = 0 m = 1 m = 2 m = 3
l = 0 15.20
l = 1 10.12 13.88 10.12
l = 2 10.09 10.11 10.58 10.11 10.09
l = 3 10.06 10.09 10.11 10.15 10.11 10.09 10.06
Table 2: Collective excitation energies of the saturation nuclear matter for different values of l
and m.
kF =1.36fm
−1 for different l and m are listed in Table 2. For the same value of l, m changes
from −l to l, and the collective excitation energy with m is the same as the minus m case.
When the l value is conserved, the collective excitation energy of the saturation nuclear matter
decreases with the absolute value of m increasing.
The collective excitation energies for nonzero m are similar to that of the m = 0 case.
This is because the collective excitation energies of nuclear matter are not calculated from
a microscopic nuclear theory, but treated as eigenvalues of Hamiltonian in Eq. (40), which
is obtained through a bosonization of Boltzmann equation. Therefore, the results are only
qualitative and more accurate research work on this topic is expected.
4 Conclusions
Landau Fermi liquid model is bosonized and used to describe the collective fluctuation of the
two-dimensional Fermi system in Ref. [20]. In this work, this method is extended to the three-
dimension Fermi system, and the isospin and spin of the fermion are also taken into account.
Therefore, we tried to study the collective excitation of nuclear matter in the bosonized Fermi
liquid model.
The equation of state of nuclear matter can be obtained reasonable in the framework of
Walecka model, where the nonlinear self-interacting terms of scalar mesons are included in
order to produce a correct compression modulus of nuclear mater in the relativistic mean-
field approximation. Otherwise, the equation of state of nuclear matter would be stiff and
the averaged energy per nucleon would be too large at high densities. When the nonlinear
self-interacting terms of scalar mesons are included in the Lagrangian, the collective excitation
energies for different l and m can be obtained self-consistently, where l and m correspond to the
total spin and the orientation of the total spin of the nucleus, respectively, and they are both
good quantum numbers in nuclei. Moreover, the results with m = 0 are compared with the
central energies of giant resonances of finite nuclei, and it shows that they are consistent with
the corresponding central energies of the giant resonances of 208Pb, respectively. Comparing
to the results in Ref. [21] calculated ten years ago, the nucleon effective mass only changes
with the Fermi momentum in nuclear matter, and will not be a parameter in the calculation.
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In this model, only the coupling constants in Walecka model are parameters, and the NL3
parameter set is adopted in this work. Actually, it is found that almost all parameter sets with
the nonlinear self-interacting terms of scalar mesons, such as NL1 and NL-SH parameters[25],
can lead to correct collective excitation energies at the saturation density of nuclear matter.
In Fermi liquid model, the collective excitations of nucleons with spin up and spin down are
independence of each other, they can oscillate either in phase or oppositely, Similarly, it can be
extended to the isospin case. Protons can oscillate either in phase or out of phase with neutrons
in nuclear matter. Altogether, there are four kinds of collective excitation modes existing in
nuclear matter, which are the isoscalar and spin scalar mode(T=0, S=0), the isoscalar and
spin vector mode(T=0, S=1), the isovector and spin scalar mode(T=1, S=0), and the isovector
and spin vector mode(T=1, S=1), respectively. The collective excitation energies of them are
discussed according to the corresponding experimental data of finite nuclei, and it is found
that the collective excitation energies of the isoscalar and spin vector mode(T=0, S=1) and the
isovector and spin scalar mode(T=1, S=0) are about twice of those of the isoscalar and spin
scalar mode(T=0, S=0), respectively. Moreover, it is predicted that the collective excitation
energies of the isovector and spin vector mode(T=1, S=1) is about four times of those of the
isoscalar and spin scalar mode(T=0, S=0) in nuclear matter. Certainly, it should be examined
by the experiments in future.
Since the nuclear quasi-nucleon density and Fermi liquid function are both expanded in
spherical harmonics, the collective excitation of nuclear matter with m 6= 0 is taken into
account naturally. For the case of m 6= 0, the collective excitation energy with fixed (l, m)
takes the same value as that of (l,−m). It is found that the collective excitation energy of
nuclear matter decreases with the absolute value of m increasing when the l value is fixed.
Especially, it should be emphasized that the exchange interaction between nucleons near
Fermi surface is important to excite the nucleon-hole pair in nuclear matter and plays a critical
role in the collective excitation of nuclear matter. In the future work, the pion and ρ meson
exchange between nucleons will be taken into account, and their influence on the collective
excitation of nuclear matter will be studied. However, our model only supplies some qualitative
results, and more precise and quantitative calculations with other models are expected.
Appendix: Fermi liquid function
If the effective potential between two nucleons is Veff (~r
′−~r), the two-body interaction operator
can be written as
Vˆ =
∑
α,α′,β,β′
∫
d3r
∫
d3r′ψ†α(~r)ψ
†
α′(~r
′)Veff (~r
′ − ~r)ψβ′(~r′)ψβ(~r), (42)
where
ψ†λ(~r) =
1
(2π)3/2
∫
d3pb†(p, λ)U¯(p, λ)γ0 exp(ip · r), (43)
15
and
ψλ(~r) =
1
(2π)3/2
∫
d3pb(p, λ)U¯(p, λ) exp(−ip · r), (44)
with p the nucleon momentum in Minkowski space. Since there are not anti-nucleons in the
ground state of nuclear matter, the terms related to the creation and annihilation operators of
antinucleons are eliminated in Eqs. (43) and (44).
The scattering matrix element between two nucleons takes the form of
S
(2)
fi = 〈f |S(2)|i〉 = 〈p′λ′, k′δ′|S(2)|pλ, kδ〉, (45)
with
S(2) = −i
∫
dtVˆ . (46)
The anti-symmetric wave function of the two-nucleon system can be written as
|pλ, kδ〉 = 1√
2
[|pλ〉1|kδ〉2 − |kδ〉1|pλ〉2] , (47)
and
〈p′λ′, k′δ′| = 1√
2
[2〈k′δ′|1〈p′λ′| − 2〈p′λ′|1〈k′δ′|] , (48)
where the labels 1 and 2 represent the first and second nucleons, respectively. In what follows,
these two labels will be neglected.
In the non-relativistic approximation, Assuming the interaction between two nucleons is
realized instantaneously, we can make an approximation r′0 = r0 → t in Eq. (45). Moreover,
the nucleon wave function is independent on the momentum, and only relevant to the nucleon
spin, so we can obtain
U¯(k′, δ′)U(k, δ) = U¯(δ′)U(δ) = δδ′,δ,
and
U¯(k′, δ′)γµU(k, δ) =
{
δδ′,δ, µ = 0,
0, µ = 1, 2, 3.
(49)
If the effective potential Veff(~q) is only relevant to the exchanged momentum squared ~q
2, and
independent on the nucleon spin, the scattering matrix element S
(2)
fi can be written as
S
(2)
fi = −i
1
(2π)2
δ(4)(k + p− k′ − p′)[
Veff
(
~k − ~k′
)
δδ′,δ δλ,λ′ − Veff
(
~p− ~k′
)
δδ′,λδλ′,δ
]
. (50)
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(a) (b)
Figure 3: Nucleon-nucleon interaction, where (a) represents the direct interaction, and (b)
stands for the exchange interaction.
The Lagrangian density of nuclear matter in Walecka model can be written as[30]
L = ψ¯ (iγµ∂µ −MN )ψ + 1
2
∂µσ∂
µσ − 1
2
m2σσ
2 − 1
3
g2σ
3 − 1
4
g3σ
4 − 1
4
ωµνω
µν +
1
2
m2ωωµω
µ
−gσψ¯σψ − gωψ¯γµωµψ, (51)
where the tensor of the vector meson is ωµν = ∂µων − ∂νωµ, and MN , mσ and mω represent
masses of the nucleon, σ and ω mesons, g2 and g3 are coefficients related to the nonlinear
seif-interacting terms of scalar mesons, gσ and gω denote coupling constants of the nucleon to
σ and ω mesons, respectively.
According to the Lagrangian density in Eq. (51), the interacting Hamiltonian can be written
as
HI(x) = gσψ¯σψ + gωψ¯γµωµψ. (52)
Therefore, the second-order scattering matrix element takes the form of
Sˆ2 =
(−i)2
2!
∫
d4x1
∫
d4x2T [HI(x1)HI(x2)] . (53)
In order to obtain the scattering amplitude of two nucleons, the Feynmann diagrams in Fig. 3
must be calculated.
Firstly, the case that one vector meson exchanges between two nucleons is studied. The
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scattering matrix element can be written as
S
(2)
fi (ω) = −g2ω(2π)4δ4(p′ + k′ − p− k)
(
1
(2π)3/2
)4
[
U¯(k′, δ′)γµU(k, δ)
−igµν
(k′ − k)2 −m2ω + iε
U¯(p′, λ′)γνU(p, λ)
− U¯(k′, δ′)γνU(p, λ) −ig
µν
(k′ − p)2 −m2ω + iε
U¯(p′, λ′)γµU(k, δ)
]
.
(54)
The three-momentum of the nucleon is far lower than the nucleon mass, |~k| << MN ,
|~k′| << MN , |~p| << MN , |~p′| << MN , which corresponds to the nucleon mass becomes
infinite in the non-relativistic approximation, i.e., MN → +∞. Thus the zero component of
the momentum of the intermediate vector meson in the direct interaction of nucleons can be
written as
q0 = k
′
0 − k0
=
√
~k′
2
+M2N −
√
~k2 +M2N
≈ MN
(
1 +
~k′
2
2M2N
)
−MN
(
1 +
~k2
2M2N
)
=
~k′
2
2MN
−
~k2
2MN
→ 0. (55)
Similarly, it can be certified that the zero component of the vector meson momentum in the
exchanging interaction of nucleons q′0 = k
′
0−p0 tends to zero in the non-relativistic approxima-
tion.
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According to Eq. (49), the scattering matrix element in Eq. (54) can be simplified as
S
(2)
fi (ω) = −g2ω(2π)4δ4(p′ + k′ − p− k)
(
1
(2π)3/2
)4
[
δδ′,δδµ,0
−igµν
(k′ − k)2 −m2ω + iε
δλ′,λδν,0
− δδ′,λδν,0 −ig
µν
(k′ − p)2 −m2ω + iε
δλ′,δδµ,0
]
.
= −g2ω
i
(2π)2
δ4(p′ + k′ − p− k)[
1
(~k′ − ~k)2 +m2ω + iε
δδ′,δδλ′,λ
− 1
(~k′ − ~p)2 +m2ω + iε
δδ′,λδλ′,δ
]
.
(56)
Comparing Eqs. (50) with (56), the nucleon potential by exchanging a vector meson is
written as
V ωeff(~q) =
g2ω
~q2 +m2ω
. (57)
The nucleon potential by exchanging a scalar meson can be obtained similarly
V σeff (~q) =
−g2σ
~q2 +m2σ
. (58)
Therefore, the total potential between two nucleons is the sum of potentials in Eqs. (57) and
(58),
Veff (~q) =
−g2σ
~q2 +m2σ
+
g2ω
~q2 +m2ω
. (59)
In the coordinate representation, the nucleon potential in Eq. (59) takes the form of Yukawa
potential,
V˜eff(r) =
1
(2π)3
∫
d3qVeff(~q) exp (i~q · ~r)
= − g
2
σ
4π
exp(−mσr)
r
+
g2ω
4π
exp(−mωr)
r
, (60)
which is a Fourier transformation of the potential Veff(~q) in Eq. (59).
Fermi liquid function denotes the correlation between two nucleons near Fermi surface, as
depicted in Fig. 3. If the momentum, isospin and spin of outgoing nucleons are all the same
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as those of incoming nucleons, respectively, i.e., p′ = p, k′ = k, λ′ = λ, δ′ = δ, Fermi liquid
function is defined as the sum of the direct and exchanging potential. According to the nucleon
potential in Eq. (59), Fermi liquid function can be written as
f(~p, λ;~k, δ) = Veff(0)− Veff(~p− ~k)δλ,δ, (61)
which is consistent with the scattering matrix element of two nucleons in Eq. (50) in a non-
relativistic approximation.
The first term in Fermi liquid function is a constant in the momentum space, which is
relevant to the direct interaction of nucleons. Actually, the direct interaction of nucleons
supplies a mean field in nuclear matter, and Fermi energy and velocity of nucleons change in
the relativistic mean-field approximation, as shown in Eqs. (24) and (25). Only the second
term in Fermi liquid function, which corresponds to the exchange interaction of nucleons, gives
a contribution to the nucleon-hole excitation in nuclear matter. Therefore, only the second
term is left in Fermi liquid function when Eq. (39) is solved.
Although the nucleon effective mass is calculated in the relativistic mean field approxima-
tion, Fermi liquid function takes a non-relativistic form in the momentum space, and Landau
Fermi liquid model adopted in this work is still non-relativistic.
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